 ( P < 0.05; 73.5 vs 51.8% and 15.7 vs 4.3%, respectively
INTRODUCTION
The acrosome reaction (AR) is an exocytotic event that releases hydrolytic enzymes from acrosome to facilitate sperm penetration through the zona pellucida (ZP) and is essential for the further proceeding of fertilization (1) . The AR has been shown to be a calcium-dependent process and also to require extracellular calcium (2, 3) . The signaling cascade that leads to calcium influx into the sperm head is initiated by binding with the ZP and is a prerequisite for the AR (1, 4) . Acrosome exocytosis is induced by the increase in calcium in the sperm head. The increase in intracellular calcium is mediated by two major pathways; one is initiated by a family of G protein-linked receptors and the other is started by receptors linked by tyrosine kinases in the sperm plasma membrane (5) (6) (7) . Phospholipase C (PLC) isozymes are known to play key roles in both pathways. Walensky and Snyder (7) reported that phosphoinositide-specific PLC activity catalyzed the hydrolysis of phosphatidylinositol 4,5-bisphosphate to the second messenger molecules, inositol 1,4,5-trisphosphate (IP 3 ) and diacylglycerol (DAG). Inositol 1,4,5-trisphosphate increased by PLC bound to the IP 3 receptor (IP 3 R)-gated calcium channel located on the acrosome membrane, which then activated the calcium efflux from the acrosome. Also, inositol 1,4,5-trisphosphate generated by the PLC pathway is known to play a role in oocyte activation (6) (7) (8) (9) . Among the PLC isozymes, PLC β and PLC γ are thought to play pivotal roles in intracellular calcium influx (7) . Although the PLC isozymes are considered to be essential for the AR, the functions and significance of individual PLC isozymes in sperm has not been well studied. Using a mouse null for PLC β1, we carried out this study to evaluate the biological significance of the PLC β1 gene in sperm AR, fertilization, and embryo development.
MATERIALS AND METHODS
Study subjects were divided into two groups according to the sperm (intact PLC β1 and PLC β1 −/− mouse sperm) used. The sperm AR patterns were assessed by the fluorescein isothiocyanate-Pisum sativum agglutinin (FITC-PSA; L-0770; Sigma, St. Louis, MO) staining method, and fertilization and embryo development were evaluated using an in vitro fertilization (IVF) and in vitro culture system.
Animal
Three male mice null for PLC β1 (C57BL/6J × 129/sv) and three control (C57BL/6J × CBA, intact PLC β1) male mice were used. The mouse null for PLC β1 was generated by the gene targeting procedure as in the previous report (10) .
Sperm Preparation
The caudal epididymides of three adult control and three PLC β −/− male mice were removed and their connective tissues were carefully dissected away separately. The caudae were washed twice in M16 medium and immersed in M16 medium without bovine serum albumin (BSA; fraction V; Sigma, ST. Louis, MO). Under a dissecting microscope, the tubules were pierced using a 27-gauge needle. Sperm were gently agitated to diffuse away from the tubules at room temperature for 2 min, until the medium became turbid. The caudae were removed and the sperm suspension was incubated at 37
• C in a humidified atmosphere containing 5% CO 2 for 20 min. Four hundred microliters of sperm suspension was transferred to 2 ml fresh M16 medium with 0.4% BSA. One milliliter of the sperm suspension in each male mouse was used for IVF and was reincubated for capacitation for 20 min. The other 1-ml sperm suspension was used for AR assay.
Acrosome Reaction Assay
Mouse sperm AR assay was conducted as described previouly (7) using the supplemented M16 medium. Mouse sperm isolated from the cauda were capacitated for 1 hr in a 37
• C incubator. Only samples displaying vigorous motility, with more than 80% motile sperm, were used for further evaluation. Capacitated sperm were spun for 5 sec in a tabletop microfuge at 1000g. Supernatants were removed and the pellets were resuspended in Dulbecco's phosphate-buffered saline (PBS, Gibco-BRL, USA). Sperm concentration was determined using a hematocytometer and set at 1 × 10 7 /ml. Fifty microliters of capacitated sperm was treated with 10 µM calcium ionophore A23187 (Sigma), while a control sample was treated with 1% dimethyl sulfoxide (DMSO; Sigma). After a 1 hr incubation, the samples were spun in a tabletop microfuge at 1000g. The pellets were resuspended in 50 µl PBS and the samples were subsequently mounted on slides and air-dried. The slides were fixed with 96% ethanol (absolute; Merck, Germany) at 4
• C for 15 min and then air-dried. The acrosome-reacted sperm were labeled with 100 µl FITC-PSA in a humidity chamber at 4
• C for 15 min and then washed by gently dipping in PBS, 20 times. The slides were coverslipped with 30% glycerol in PBS, air-dried, and stored in a dark space until scoring. Scoring of the slides was done within 48 hr of staining. One thousand sperm (250 sperm per slide) from each male mouse were evaluated for acrosome status under an oil immersion microscope at 100 × using Normarski optics (Olympus BX50-Flu.). Sperm heads that were completely dark or more than 50% dark and patchy in acrosome status were counted as positive, and those that were bright and or less than 50% dark and patchy were counted as negative (Fig. 1) .
In Vitro Fertilization and Culture
Fifteen 8-week-old hybrid F 1 (C57BL/6J × CBA) female mice were superovulated by injection of 7 IU of pregnant mare's serum gonadotropin (PMSG; Sigma), followed by injection of 7 IU of human chorionc gonadotropin (hCG; Sigma) 45-48 hr later. Oviducts were excised from unmated females, 16-18 hr after hCG injection, and ovulated oocytes were released from the ampullae and collected into 2 ml of washing medium. After collection, all oocytes were mixed up for equal experimental conditions. The insemination droplets were 50 µl in volume and were covered with mineral oil (light form; Sigma) in a 60-mm culture dish (Falcon 3002; Becton-Dickinson, Lincoln Park, NJ). Approximately 10 oocytes were allocated to each insemination droplet, and sperm suspension (final concentration, about 2 × 10 6 /ml) was also added to the droplet. Eighteen hours after insemination, the fertilized oocytes were washed in culture medium and then transferred to the culture droplets (5-10 zygotes/droplet). M16 medium was used for washing and M16 medium supplemented with 10% FBS was used for insemination and culture. Then the embryos were cultured at 37
• C in a humidified atmosphere containing 5% CO 2 for 3 more days. Change of the culture medium and observation of embryo development were performed daily. Formation of two pronuclei (2PN) or two cells at 18 hr after insemination was regarded as fertilization. Embryo development to the morula or blastocyst stage after 96 hr of culture was considered positive.
Statistical Analysis
The rate of AR, fertilization, and embryo development between the two groups was compared by Mann-Whitney test. P < 0.05 was considered statistically significant.
RESULTS
The AR-positive rate of PLC β1 −/− sperm was lower than that of control sperm after treatment with 1% DMSO (P < 0.05; Table I ). Also, PLC β 1−/− mouse sperm showed a consistently lower rate of AR than control sperm after treatment with 10 µM calcium ionophore A23187 (P < 0.05; Table I ). The fertilization rate confirmed by formation of 2PN or two cells at 18 hr after insemination was higher in the control group than in the PLC β1 −/− group (P < 0.05; Table II ). And the percentage embryo development to the morula or blastocyst stage in the control group was also higher than in the PLC β1 −/− group at 96 hr after insemination (P < 0.05; Table II) . 
DISCUSSION
The AR in sperm is the breakdown and merging of the plasma membrane with the outer acrosome membrane. This reaction is facilitated by an increase in the intracellular calcium concentration in the sperm head. This process is the exocytosis of the enzyme contents of the acrosome. Acrosomal exocytosis requires extracellular calcium and zona binding of sperm initiates a signal cascade that leads to calcium influx (11) . Progesterone also has been shown to induce acrosomal exocytosis (11) (12) (13) (14) . An increase in intracellular calcium (15) , pH (16) , cAMP (17) , IP 3 (18, 19) , and DAG (14) has been associated with ligand-induced acrosome exocytosis in sperm. Although the specific signal transduction mechanism that triggers the AR has not been fully clarified, it is at least partly regulated by a second messenger, IP 3 . IP 3 is produced by phosphoinositide-specific PLC and is known to control many cellular processes by generating internal calcium signals (5). The 10 mammalian PLC isoforms can be classified into three groups; PLC β, PLC δ, and PLC γ (20) . There are four isoforms in PLC β, two in PLC γ , and four in PLC δ. All PLC isoforms contain a conserved catalytic domain, a plechstrin homology (PH) domain in the amino terminus of the protein, and additional regulatory sequences (21) . The PLC γ family participates in the mitogenic response by directly coupling to both receptor and nonreceptor tyrosine kinase, whereas the PLC β family acts through G protein-dependent pathways. However, it is not clear what roles the individual isozymes in a given PLC family play in vivo or to what extent they determine the specificity of individual signaling pathways (10) . IP 3 increased by PLC bound to the IP 3 receptor (IP 3 R) of the gated calcium channel located on the anterior acrosome membrane, and IP 3 -gated calcium release may be an important mechanism for activating the extracellular calcium influx required for the AR (7). Also, IP 3 -gated calcium release is well known to be essential for egg activation (8) . In this study, we evaluate the biological significance of PLC β1 (localized on the sperm head) in mouse sperm AR, fertilization, and embryo development using mutant mouse sperm which lack the PLC β1 gene. Mutation of the PLC β1 gene in male mice resulted in a significant decrease, but not to the full extent, in the spontaneous sperm AR compared with that in the wild-type mouse sperm. This result suggests that PLC β1 is involved in the AR but does not seem to play the pivotal role. Another possibility, although not elucidated in this study, is that PLC β1 may be the main enzyme in the normal AR process and have a compensatory mechanism for the loss of PLC β1 (21) . The latter hypothesis is supported by reports that some of the biological effects of PLC β can be mediated by PLC γ , as certain G proteincoupled receptors can activate PLC γ , thus providing a potential compensatory mechanism for the loss of PLC β isoforms (21, 22) . Mouse heterozygotes for the PLC β1 mutation are known to be normal and fertile, whereas homozygotes display retarded growth, low viability after birth, and a low reproductive rate (10) . Also, in our results, the fertilization rate and embryo development in the PLC β1 −/− group decreased compared to those in the control group. This finding may be one explanation for the low reproductive potential of the mouse null for PLC β1.
CONCLUSION
Mutation of the PLC β1 gene in mouse sperm reduces the AR rate, the fertilization rate, and embryo development. The decreased rate of AR, fertilization, and embryo development in PLC β1 −/− mouse sperm may be etiologic factors responsible for the low reproductive rate.
